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ThylakoidThe thylakoid-transfer signal is required for energy-dependent translocation of preproteins into the
thylakoid lumen and is removed by the thylakoidal processing peptidase (TPP). PGRL1 is an essential
component of antimycin A-sensitive photosynthetic cyclic electron ﬂow in chloroplasts. Here we
report that one of the TPP isoforms, Plsp1, forms a stable complex with PGRL1. Genetic data demon-
strate that PGRL1 is not essential for Plsp1 activity in vivo, leading to a possibility that PGRL1 may act
as a regulator of TPP.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction The SPase I in chloroplast thylakoids is called the thylakoidalMany proteins require transient signal sequences for targeting
to speciﬁc compartments and across membranes within a cell of
all kingdoms of life [1]. Removal of these signals occurs during or
after translocation, allowing correct folding and function of pro-
teins. Among enzymes that catalyze such cleavage reactions is
the type I signal peptidase (SPase I). SPases I are anchored to the
membrane and locate their catalytic site at the trans side of the
membrane. SPases I are found at the plasma membrane in prokary-
otes, and at the endoplasmic reticulum, mitochondrial inner mem-
brane and chloroplast inner and thylakoid membranes in
eukaryotes [1,2]. Bacterial SPases I are believed to be active as
monomers whereas those in the endoplasmic reticulum and mito-
chondria form heterooligomeric complexes [1]. Whether the chlo-
roplastic SPases I act as a monomer or oligomer remained
unexplored.processing peptidase (TPP), which removes the thylakoid-transfer
signal (TTS) from preproteins. The TTS-dependent protein trans-
port from the stroma to thylakoids is mainly catalyzed by the chlo-
roplast SEC (cpSEC) and chloroplast twin-arginine transport
(cpTAT) pathways: the former uses ATP hydrolysis in the stroma
and the latter uses proton motive force across the membrane [3].
These forms of energy are generated by the photosynthetic elec-
tron transport chain (ETC) at the thylakoid membrane. It is well
known that ETC is regulated by the activity of various anabolic pro-
cesses, which, conversely, use the energy generated by ETC [4].
However, no such feedback regulation has been known for protein
transport.
One of photosynthetic ETC is antimycin A-dependent cyclic
electron ﬂow (CEF), which is required for effective photosynthesis
and photoprotection [5,6]. Among components necessary for this
process is PGRL1 [7], which has recently been implicated as the
elusive ferredoxin-plastoquinone reductase [8].
In seed plants, there are two groups of TPP isoforms called plas-
tidic type I signal peptidase (Plsp) 1 and 2 [9]. Disruption of the
PLSP1 gene in Arabidopsis (Arabidopsis thaliana) impedes photoau-
totrophic growth and causes accumulation of unprocessed nonma-
ture forms of three thylakoidal proteins (the 33 and 23 kDa
subunits of oxygen-evolving-complex (OE33) and the 23 kDa sub-
unit of oxygen-evolving-complex (OE23), respectively, and plasto-
cyanin) and an outer envelope protein (Toc75) [10,11]. Direct
involvement of Plastidic type I signal peptidase 1 (Plsp1) in protein
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Fig. 1. Expression of Citrine-Plsp1 cDNA rescues the plsp1-null phenotype. (A) A schematic diagram of Plsp1, Citrine-Plsp1 and tp-Citrine used in this study. Each polypeptide
chain is depicted with its N terminus on the left. The transit peptide, soluble domain and transmembrane domain (TMD) of Plsp1 are indicated as gray, blue and red bars,
respectively. Citrine portion is indicated as a yellow bar. SPP indicates a stromal processing peptidase cleavage site. The scale bar indicates 20 amino acids. (B) Chloroplasts
from the homozygous plsp1-1 mutant rescued by expression of Citrine-Plsp1 cDNA (plsp1-1; CITRINE-PLSP1) or Plsp1 cDNA (plsp1-1; PLSP1) were lysed hypotonically and
fractionated into soluble (S1) and membrane fractions by centrifugation. The membrane fraction was resuspended with 0.1 M Na2CO3 and separated into the supernatant
containing peripheral membrane proteins (S2) and the pellet containing integral membrane proteins (P). Proteins in each fraction were separated by SDS–PAGE and analyzed
by immunoblotting with antisera indicated at left (top two panels), or Coomassie Brilliant Blue staining (CBB; bottom panel). Each lane was loaded with samples equivalent
to chloroplasts containing 3 lg (for immunoblotting) or 5 lg (for CBB) chlorophyll. (C) Immunoblots of total proteins (equivalent to 20 lg bovine serum albumin) from the
viable homozygous plsp1-1 mutants complemented with Citrine-Plsp1 (plsp1-1; CITRINE-PLSP1) or Plsp1 (plsp1-1; PLSP1) cDNAs, or from the seedling-lethal homozygous
plsp1-1 mutants (plsp1-1) with antisera indicated at left.
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ported by localization of Plsp1 to these two distinct membranes
[2]. Here we show that Plsp1 forms a stable complex with PGRL1
in Arabidopsis thylakoids. Formation of this complex is dispensable
for the function of Plsp1 because the pgrl1-null mutant did not
show defects in photoautotrophic growth or in maturation and
accumulation of putative Plsp1 substrates. These ﬁndings suggest
that PGRL1 may act as a nonessential regulator of Plsp1 and thus
provide a novel link between energy use and generation at the
photosynthetic membrane.
2. Materials and methods
2.1. Plant materials and growth conditions
Arabidopsis (Columbia-0) plants were grown with a 16/8hr day/
night cycle with the light intensity at 50–80 lmol photonsm2 s1
photosynthetically active radiation at 25 C either on plates con-
taining Murashige-Skoog media (Caisson Laboratories, North Lo-
gan, UT) supplemented with 2% sucrose or on soil in a growth
chamber. The mutants used were plsp1-1 (SALK_106199) [10],
pgrl1ab (cross between SAIL_443E10 and SALK_059233) [7] and
cas-1 (SALK_070416) [12].
2.2. Genetic complementation
Coding sequences of Citrine-Plsp1 and tp-Citrine were cloned
using long ﬂanking homology PCR [13] as depicted in Supplemen-
tary Fig. 1 with primers listed in Supplementary Table 1 andtemplates as described [10,14]. PCR products were recombined
using the Gateway Cloning system into pDONR207 (Life Technol-
ogies, Grand Island, NY). After conﬁrmation by sequencing, the
coding sequences were recombined into pMDC32 [15], trans-
formed into heterozygous plsp1-1 plants and progenies screened
on plates containing hygromycin as described [16]. Resistant
plants were transferred to soil and further analyzed by genomic
PCR with primers listed in Supplementary Table 2 and for their to-
tal protein as described [9].
2.3. Chloroplast preparation, solubilization and blue native(BN)-PAGE
analysis
Chloroplasts were isolated from 3 to 5 week old plate-grown
plants using the grinding (for Fig. 1B and A) [17] or protoplast method
(for Figs. 2, 3B and C) [18]. For the latter method, the enzyme-diges-
tion step was conducted in dark instead of light. Chloroplast solubili-
zation and blue native-polyacrylamide gel electrophoresis (BN-PAGE)
were performed as described previously [19] with adjustments.
Brieﬂy, intact chloroplasts were directly solubilized at 0.5 lg ll1
chlorophyll with chloroplast solubilization buffer containing BN-
PAGE Gel Buffer (50 mM Bis-Tris and 500mM aminocaproic acid,
pH 7.0), 1% (v/v) protease inhibitor cocktail for plant extracts (PIC;
Sigma Aldrich, St. Louis, MO), 10% (v/v) glycerol and 1.3% (w/v) n-
dodecyl-b-D-maltoside (DDM). After centrifugation at 16 000g,
4 C for 20 min, solubilized samples were added to 0.16% (w/v) SERVA
Blue G (SERVA Electrophoresis, Heidelberg, Germany), then loaded
onto 4–14% BN-PAGE gels and the electrophoresis was run at 30 V
for 14 to 22 h at 4 C.
A B
Fig. 2. Plsp1, Citrine-Plsp1 and Plsp2 are present in multiple distinct complexes. Chloroplasts from wild type or Citrine-Plsp1 complemented plants (plsp1-1; CITRINE-PLSP1)
were solubilized with buffer containing 1.3% DDM. Samples containing 20 lg chlorophyll were separated by 4–14% BN-PAGE in the ﬁrst dimension and 12% SDS–PAGE in the
second dimension. Separated proteins were analyzed by immunoblotting with antisera indicated at the top. For panel A, the image of the top blot was obtained with a 10-fold
longer exposure than that of the bottom blot. See supplementary Fig. 3 for more detailed comparisons.
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The antisera against PGRL1 and Ca2+ sensing receptor (CAS)
were obtained from AgriSera (Vännäs, Sweden) [7] and T. Shiina
(Kyoto, Japan) [12], respectively. All other antibodies were as de-
scribed [2,9,11].
2.5. Co-immunoprecipitation
GFP Trap Beads (Allele Biotechnology, San Diego, CA) were ﬁrst
washed twice with BN-PAGE Gel buffer and equilibrated with chlo-
roplast solubilization buffer. Solubilized chloroplasts were added
to the beads in the ﬁnal concentration of 18.75 lg chlorophyll
per ll gel slurry and rotated at 4 C for 2 h. Gel suspension was
then centrifuged at 2000g, 4 C for 2 min, and the supernatant
was collected as the unbound fraction. The resultant beads were
washed three times with one volume of wash buffer (50 mM Bis-
Tris, 500 mM aminocaproic acid, pH 7.0, 0.65% DDM, 1% PIC).
For assays shown in Fig. 3, the beads containing bound proteins
were washed two additional times with BN-PAGE Gel buffer
including 1% PIC and: 1.3% DDM (control), 1% (v/v) Triton X-100
(TX100), 1.3% DDM and 20 mM EDTA (EDTA), or 1.3% DDM and
100 mM Na2CO3 (Na2CO3).
For proteomic analysis and elution of bound fractions for co-
immunoprecipitation assays, the beads were incubated in 2 SDS–
PAGE loading buffer [100mM Tris–HCl, pH 6.8, 4% (w/v) sodium
dodecyl sulfate, 20% glycerol, 0.04% (w/v) bromophenol blue] at
90 C for 10 min. Eluted proteins were recovered after centrifugation.
2.6. Proteomics analysis
Regions of SDS–PAGE gels stained with GelCode Blue (Thermo
Fisher Scientiﬁc, Waltham, MA) were excised and submitted to
the UC Davis Genome Center Proteomics Core Facility for in-gel
trypsin digestion, LC–MS/MS analysis and peptide identiﬁcation.
3. Results
3.1. Citrine-tagged Plsp1 functionally complements the seedling lethal
plsp1-null mutant
Expression of the Plsp1-coding sequence by a constitutive Cau-
liﬂower Mosaic Virus (CaMV) 35S promoter could rescue the plsp1-null mutant [9,10]. The available antibody against Plsp1 could be
used for immunoblotting and immunolocalization assays [2] but
was not useful for immunoprecipitation. To facilitate further anal-
yses of Plsp1, we tested if Plsp1 with an N-terminal Citrine yellow
ﬂuorescent protein tag (Fig. 1A, Citrine-Plsp1) was also functional.
To this end, we generated a construct encoding the chimeric pro-
tein under the CaMV35S promoter and introduced it into a hetero-
zygous plsp1-mutant. The resultant progenies included a
homozygous plsp1-1 mutant, which was indistinguishable from
wild type (Supplementary Fig. 2A and B). The chloroplast mem-
brane fraction prepared from the rescued mutant was found to
contain an immunoreactive 50 kDa protein recognized by both
anti-GFP and anti-Plsp1 antibodies (Fig. 1B, lane 4). This mobility
corresponds to the predicted molecular mass of Citrine-tagged
Plsp1 (Citrine 27 kDa + Plsp1 25 kDa). Further immunoblotting as-
says revealed that the amount of PGRL1-Plsp1 in the comple-
mented plant was signiﬁcantly higher than that of endogenous
Plsp1 in wild type (Supplementary Fig. 2C) probably due to the ef-
fect of the CaMV35S promoter used for the complementation. More
importantly, it was shown that putative Plsp1 substrates accumu-
lated as mature forms in the Citrine-Plsp1 complemented plants
(Fig. 1C, lane 1; Supplementary Fig. 2C). Results of protease protec-
tion assays supported that the C-terminus of Plsp1 faces the thyla-
koid lumen (Supplementary Fig. 2D), consistent with the previous
report [2]. Together these data support that the Citrine tag does not
interfere with the functionality of Plsp1.
3.2. Plsp1 and Plsp2 form distinct complexes
Results of the genetic complementation assay and distinct gene
expression patterns indicated that Plsp1 and Plsp2 have distinct
functions [9]. However, both PLSP1 and PLSP2 genes are highly ex-
pressed in photosynthetic tissues [9], suggesting that they could be
co-localized and thus form a complex, similar to the mitochondrial
SPase I homologs [20,21]. To test this possibility, we utilized blue
native(BN)-PAGE to examine their oligomeric formation in chloro-
plasts isolated from Arabidopsis seedlings, which accumulate Plsp1
mainly at thylakoids [2]. Plsp1 migrated in two populations and
their mobility was slower in samples from the homozygous
plsp1-1 mutant complemented with Plsp1-Citrine (ca. 66 and
120 kDa) than those from wild type (<66 kDa and ca. 85 kDa; Fig
2A). The size difference between the larger complexes in the two
AB C
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Fig. 3. The larger Plsp1 complex contains PGRL1. (A) Chloroplasts prepared from wild type or Citrine-Plsp1 complemented plants (plsp1-1; CITRINE-PLSP1) were solubilized as
described in Fig. 2 and were incubated with GFP-Trap Beads. Bound fractions equivalent to 36 lg chlorophyll were separated by 12% SDS–PAGE and visualized by silver
staining. The 50 kDa band corresponding to Citrine-Plsp1 is shown. The asterisk indicates the 28 kDa band, which was subjected to tryptic digestion and LC–MS/MS analysis.
(B and C) Blots containing solubilized chloroplast proteins (equivalent to 20 lg chlorophyll each) as described in Fig. 2 were analyzed with antisera indicated at left. Asterisks
indicate the area containing a probable degradation product of PGRL1 as described [6]. (D) After co-immunoprecipitation of solubilized chloroplasts (I; lanes 1 and 4) as
described in (A), unbound fractions (U; lanes 2 and 5) were collected and the beads that contained bound proteins were directly analyzed (B; lane 3 and 6) or treated with
buffer containing 1.3% DDM (control), 1% Triton X-100 (TX100), 1.3% DDM and 20 mM EDTA (EDTA), or 1.3% DDM and 100 mM Na2CO3 (Na2CO3), yielding wash and bound
fractions (W and B, respectively; lanes 7–14). Fractions equivalent to 3 lg chlorophyll were separated by 12% SDS–PAGE and analyzed by immunoblotting with antisera
indicated at left. Dotted lines show grouping of images from different parts of the same gel.
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molecular mass of Citrine (27 kDa), supporting that the mobility
shift of the complex is due to the addition of Citrine. By contrast,
Plsp2 (29 kDa) was found in four populations and their mobility
was indistinguishable between the samples from wild-type and Ci-
trine-Plsp1 complemented plants (230 190 and 140 kDa and
around the running front; Fig 2B). The smaller Plsp1 population
(Fig. 2A, wild type, <66 kDa) migrated slower than the smallest
Plsp2 population (Fig. 2B, both wild type and plsp1-1; CITRINE-
PLSP1). This indicates that the former may represent the Plsp1
homodimer or a heterodimer with a protein other than Plsp1 or
Plsp2, and that the latter may represent the Plsp2 monomer. Taken
together, the results obtained suggest that Plsp1 and Plsp2 do not
form a complex, supporting that they function independently. The
obtained result also generated a new question – which proteins do
TPPs form complexes with?3.3. The larger Plsp1 complex contains PGRL1
We took advantage of the functional Citrine-Plsp1 protein to
identify interacting partners of Plsp1. Chloroplasts isolated from
Citrine-Plsp1 complemented plants were solubilized and incu-
bated with GFP-Trap beads. The precipitated fraction was sepa-
rated by SDS–PAGE. Among precipitated proteins, two bands
around 50 and 28 kDa were detected speciﬁcally in Citrine-Plsp1
complemented plants (Fig 3A). The 50 kDa band corresponded to
Citrine-Plsp1, which was recognized by the Plsp1 antibody
(Fig. 1B). Therefore, we decided to identify the 28 kDa protein by
tryptic digestion and LC-MS/MS analysis. Among peptides identi-
ﬁed from the complemented plants were those from three thylak-
oidal proteins, PGRL1A, PGRL1B and CAS (Supplementary Fig. 4).
The available antibody cannot distinguish between the two PGRL1
isoforms, which are functionally redundant [7]. Therefore, PGRL1A
and PGRL1B were collectively referred to as PGRL1.
AB
Fig. 4. PGRL1 is necessary for the larger Plsp1 complex but not for accumulation
and maturation of chloroplast proteins. (A) Solubilized chloroplasts were prepared
from wild type or the pgrl1-null mutant as described in Fig. 2 and the samples
containing 20 lg chlorophyll were separated by 4–14% BN-PAGE in the ﬁrst
dimension and 12% SDS–PAGE in the second dimension. Separated proteins were
analyzed by immunoblotting with the anti-Plsp1 antisera. (B) Total chloroplast
proteins prepared from wild type and the pgrl1-null mutant were separated by
SDS–PAGE and analyzed by immunoblotting with antisera aindicated at left.
Chloroplasts containing 1.5 lg (for aOE23 and aOE17) or 3 lg chlorophyll (for all
others) were analyzed.
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ing three assays. The ﬁrst assay used BN-PAGE to compare the
mobility of PGRL1 in chloroplasts from wild-type and Citrine-Plsp1
complemented plants. In both plants, PGRL1 migrated widely be-
tween the running front to 85 kDa, which covered the two popula-
tions of Plsp1 in wild type (Fig. 3B). Notably, the complemented
plant was found to contain a small but distinct population (less
than 3%) of PGRL1 around 120 kDa, which corresponded to the lar-
ger Citrine-Plsp1 complex and was not detected in wild type
(Fig. 3C, indicated with an arrowhead). This result supports that
the 120 kDa Citrine-Plsp1 complex contained PGRL1. The second
assay used co-immunoprecipitation with GFP-Trap Beads. PGRL1
was detected in the precipitates obtained from chloroplasts of the
Citrine-Plsp1 complemented plant but not in those from the plant
that produced stroma-localized Citrine (Fig. 3D, lane 6; Fig. S4A).
This result suggests that PGRL1 binds to the Plsp1-portion of thechimeric protein. We also found that the association of Citrine-
Plsp1 and PGRL1 was disrupted by a non-ionic detergent (Triton
X-100) but not by alkaline (sodium carbonate) or chelating (EDTA)
reagents (Fig 3D, lanes 9–14), similar to the case of the cytochrome
b6f dimer [22]. In the third assay, the size of the Plsp1 complexes in
wild type and that in the pgrl1-null mutant were compared. As
shown in Fig. 4A, the pgrl1-null mutant contained only one popu-
lation of Plsp1, which corresponded to the smaller complex in wild
type. This result indicates that PGRL1 is required for the formation
of the 85 kDa Plsp1 complex. Together, our data suggest that Plsp1
and PGRL1 form a stable complex of about 85 kDa in wild type, and
that they are associated via hydrophobic or lipid–mediated
interaction.
A recent study has detected both CAS and PGRL1 in the CEF
supercomplex from the green alga Chlamydomonas reinhardtii
[23]. Hence, identiﬁcation of CAS along with PGRL1 in the Ci-
trine-Plsp1 complex suggested a potential involvement of Plsp1
in CEF. However, in contrast to the case with PGRL1, the associa-
tion of Plsp1 with CAS could not be supported. First, CAS was co-
immunoprecipitated not only with Citrine-Plsp1 but also with
the stroma-localized Citrine protein (Supplementary Fig. 5A and
B). The association of CAS with Citrine-Plsp1 and that of stroma-
localized Citrine were both disrupted by EDTA but not by Triton
X-100 (Supplementary Fig. 5A and B). Second, thylakoids lacking
CAS contained two Plsp1 complexes similar to wild type (Supple-
mentary Fig. 5C and D). These results indicate that CAS associates
with the Citrine tag via an electrostatic interaction and it is not
the interacting partner of Plsp1.
3.4. PGRL1 is not essential for Plsp1-dependent photoautotrophic
growth and chloroplast protein maturation
Analyses of the plsp1-null mutant have revealed two Plsp1-depen-
dent processes: proper maintenance of thylakoids and thus photoau-
totrophic growth of plants, and maturation of at least three
thylakoidal proteins and one outer envelope protein in chloroplasts
[10,11]. By contrast, the pgrl1-null mutant could grow photoautotro-
phically [7] although it lacked the 85 kDa Plsp1 complex (Fig. 4A).
These results indicate that the Plsp1–PGRL1 complex formation is
not essential for Plsp1-dependent thylakoid development. To test if
the lack of Plsp1–PGRL1 complex affected Plsp1-dependent protein
maturation, we examined the presence and size of various proteins
in chloroplasts from the pgrl1-null mutant. As shown in Fig. 4B, all
of the TPP substrates tested as well as Toc75 were found to accumu-
late as mature forms. Together, available data indicate that PGRL1 is
dispensable for known functions of Plsp1.4. Discussion
PGRL1 plays a key role in antimycin A-sensitive CEF, the process
that regulates photosynthetic energy conversion at thylakoids.
Plsp1 is implicated in removal of a thylakoid-transfer signal (TTS)
from preproteins during or after translocation at thylakoids. The
TTS-dependent protein transport requires photosynthesis-derived
energy as the form of ATP hydrolysis or proton gradient. Therefore,
the stable association of Plsp1 and PGRL1 may suggest a novel link
between energy use and generation at photosynthetic membranes.
Our results indicate that the complex contains less than 3% of
the entire pool of PGRL1 and more than 50% of Plsp1. This suggests
that the complex formation may be a mechanism to regulate the
function of Plsp1 by PGRL1, instead of that of PGRL1 by Plsp1.
Available genetic data indicate that the lack of PGRL1 did not im-
pede functions of Plsp1. Hence, it would be tempting to speculate
that PGRL1 acts as a negative regulator. Then why should the activ-
ity of Plsp1 be regulated? Results of a transient expression assay
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lumenal proteins, but not non-mature ones, can be transported
back to the stroma [24]. This suggests that TTS removal may act
as a quality control point. In this case, suppression of Plsp1 activity
would result in energy conservation by preventing reverse trans-
port of lumenal proteins.
These hypotheses suggest that the complex formation may be
dynamic. One factor that would control such a dynamics is light,
which triggers photosynthetic electron transport involving PGRL1
and generating energy that is used to provide preprotein substrates
for Plsp1. As a ﬁrst step to test this idea, we incubated isolated
chloroplasts under dark or light, or under light with the presence
of various electron transport inhibitors, and examined the mobility
of Plsp1 on BN-PAGE. However, under the conditions used, we
were not able to draw a clear conclusion about effects of light on
complex formation (Supplementary Fig. 6). We would need to de-
velop more quantitative systems to identify the conditions before
deﬁning the signiﬁcance of the complex formation.Acknowledgments
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